SUMMARY: Three deep-sea areas in the Mediterranean Sea were sampled using a bottom otter trawl during the DESEAS oceanographic survey carried out from early June to early July 2001, covering an area in the western Mediterranean from 600 to 2800 m in depth and two areas in the central Mediterranean, the western and eastern Ionian Sea from 600 to 4000 m in depth. Decapod crustaceans were one of the dominant megafaunal groups, together with fishes, in terms of both biomass and abundance. A total of 2799 decapod specimens belonging to 32 species were collected. Abundance and biomass of the decapod crustaceans decreased with depth. For depths below 1000 m, a decrease in total decapod biomass was recorded from west to east. From the data reported in this study and data from the available literature, decapod crustaceans display differential depth distributions in the different areas. For the most abundant species, size and sex distributions versus depth gradient were examined to compare intraspecific population structures between the sampling areas. Despite differences, among areas, in the species' biomass compositions by depth strata and differences in their overall bathymetric ranges of distribution, intraspecific population structures of the most abundant species seem to follow similar trends for size and sex distribution versus depth gradient between the western and central areas. This might be an indication that the individual species structure their populations according to a similar basic pattern regardless of differences in local environmental features. The results have been discussed in the general context of the environmental features encountered by the species in each of the sampling areas.
INTRODUCTION
Decapod crustaceans are one of the dominant megafaunal groups in the deep-sea communities of the Mediterranean Sea Cartes and Sardà, 1992; Sardà et al., 1994) . The relatively oligotrophic nature of Mediterranean waters has been presented as one of the environmental factors contributing to the high abundance of decapod crustaceans in comparison with other oceans, in which other megafaunal invertebrates, chiefly echinoderms, predominate (Tyler and Zibrowius, 1992; Sardà et al., 1994) . However, though the Mediterranean is a relatively small sea compared with other oceans, existing data and our understanding of the continental margins at depths below 2000 m lags behind.
Community assemblages and boundaries as well as depth ranges of deep-sea species dwelling along the continental margins have been described in several regional seas of the Mediterranean Cartes and Sardà, 1993; Pipitone and Tumbiolo, 1993; Ungaro et al., 1999; Kallianiotis et al., 2000) , but no comparative work dealing with species composition and community structures in the Mediterranean basin as a whole is available. To the authors' knowledge, the only comparative studies dealing with the biomass distribution and population characteristics of commercial demersal resources have recently been carried out down to 800 m depth within the framework of the MEDITS international Mediterranean trawl survey (see Abelló et al., 2002b) . What is more, the few extant comparative studies have neglected to make global comparisons of intraspecific population structures such as size and sex distribution with depth.
The object of this study was to compare the decapod biomass, species composition and population characteristics of deep-sea decapod crustaceans at several sites sampled during the DESEAS project in the continental margins of the western and central Mediterranean down to the abyssal plain at a depth of 4000 m in the Ionian Sea. Its purpose was to determine whether intraspecific population characteristics, namely size and sex distribution by depth, followed similar patterns at each local site sampled or, in contrast, the population structure of the individual species differed at each location.
MATERIALS AND METHODS
A total of 26 effective hauls (DESEAS project survey) were conducted at several locations in the western and central Mediterranean Sea from early June to early July 2001 ( Fig. 1 ; Table 1 ). The sites and depth ranges sampled were: western Mediterranean from 600 to 2800 m depth in the Balearic Sea south of the island of Mallorca, and central Mediterranean from 600 to 4000 m. Two regions were sampled in the central Mediterranean: the western Ionian Sea off the Calabrian coast and eastern Ionian Sea south of the Peloponnesian Peninsula. The two deepest hauls (3300 and 4000 m depth; Table 1 ) were conducted on the abyssal plain of the western Ionian Sea. Because of the bathymetric exceptionality of the two trawls, never before conducted in the Mediterranean with a benthic otter trawl, and because of their geographical distance from the Calabrian coast, these trawls were taken in this study as separate samples. Hauls were conducted using the bottom otter trawl "Maireta" (Sardà et al., 1998) . Cod-end mesh size was 40 mm stretched, covered by a cod-end cover with a mesh size of 12 mm stretched.
The catch taken in each haul was separated by species. Individuals of each species were counted and separated by sex, and carapace length was measured (CL to the nearest 0.1 mm). Species abundance and biomass were calculated both in number and in grams per km 2 of the swept area. The swept area was based on trawl duration and on measurements of the gear opening obtained using remotely controlled Scanmar sensors down to a depth of 1500
dos en el área de muestreo más oriental (parte oriental del Mar Iónico) con respecto al Mediterráneo occidental (Mar Balear). Los datos aportados en este estudio junto con los datos disponibles en la literatura, indican que los crustáceos decápodos se distribuyen en rangos batimétricos diferentes en cada una de las áreas de estudio. Aunque se encontraron diferencias entre las áreas de estudio, en la distribución de biomasa con respecto a la profundidad y en los rangos batimétricos de cada especie, la estructura de población de las especies más abundantes parece seguir la misma tendencia por lo respecta la distribución batimétrica de sexos y tamaño de sus individuos en toda el área geográfica muestreada. Este último aspecto podría ser una indicación de que las especies estructuran sus poblaciones de acuerdo a un patrón similar, independientemente de las diferencias locales del ambiente. Los resultados se han discutido bajo el contexto general de las características ambientales encontradas por cada especie en cada una de las áreas de muestreo. m (below which the sensors fail because of the pressure). Below 1500 m depth, the swept area was based on trawl duration and on the average gear opening obtained at shallower depths.
In order to compare the depth ranges of the most abundant deep-sea decapod species in the different areas, the shallowest depths of the distribution ranges were obtained from the literature.
In view of the small number of samples available from this study and the gaps in the depth range between the hauls (sometimes over 500 m), it was not attempted to perform cluster analysis to describe species communities or assemblages. Instead, three depth intervals were established following in part the current literature on these depth ranges, which was only available for the western Mediterranean MEDITERRANEAN DEEP-SEA DECAPOD CRUSTACEANS 75 waters at depths down to 2200 m (Cartes and Sardà, 1993; Stefanescu et al., 1993) . The bathymetric intervals established in this study were: a) from 600 to 1000 m, the middle slope depth range for which the most information is available for the Mediterranean; b) from 1000 to 1500 m, a transitional depth stratum between middle and lower slope assemblages; and c) from 1500 to 2800 m, 2000 m, and 2600 m (maximum sampled depths of the western, central, and eastern areas of this work, respectively), which were considered as lower slope depths. The two trawls performed at 3300 and 4000 m were taken as separate samples of the abyssal region due to their geographical location on the abyssal plain in the western Ionian Sea. Individuals were very scarce in some depth intervals at certain sampling locations, which made it difficult to obtain a representative size frequency distribution. Therefore, in order to be able to compare intraspecific population structures between the depth intervals and the different sampling locations, size frequencies for some species were taken from the literature, bearing in mind that sampling season and sampling method can affect the results. Thus, only studies in which the sampling method was a bottom otter trawl were used. In our view, even the few specimens collected here are of considerable importance given the scarcity of data for the bathyal and abyssal regions available to date.
The sizes below which individuals were considered juveniles were taken from Company (1995) , Company and Sardà (1997, 2000) , Company et al. (2001) and Puig et al. (2001) and also from measurements of the external sex traits, such as the size and shape of the sexual appendage on caridean decapods.
RESULTS
In terms of total biomass and total abundance, decapod crustaceans and fishes were the dominant megafaunal groups. Although statistical validation of our data was not possible due to the low number of samples available on each bathymetric stratum, the general trend indicates that total fish abundance was higher than total crustacean abundance in the western Mediterranean in the 800 to 1200 m depth interval ( Fig. 2A) . Below this depth, fish and crustacean abundance values were similar. In contrast, in the central Mediterranean (western Ionian Sea; Fig.  2B ), fish and crustacean abundance were more similar, but fish abundance was still slightly higher than crustacean abundance in the 800 to 1500 m depth interval. In the easternmost sampled area (eastern Ionian Sea; Fig. 2C ), decapod crustaceans attained higher abundance values than fish both at depths shallower than 800 m and at depths below 1500 m. In the abyssal region crustacean abundance doubled fish abundance at 3300 m, and this trend was still more pronounced at the maximum depth sampled in this study, 4000 m (Fig. 2D) .
The decapod abundance (number of individuals per km 2 ) in each of the sampling areas exhibited the typical decrease with depth observed in the deep-sea environment (Fig. 3A) . A similar trend was observed in decapod biomass (Fig. 3B ). In the easternmost area (eastern Ionian Sea), a relatively large biomass of the shrimp Aristaeomorpha foliacea was caught at depths of 600-800 m (Table 2 ). These catches were substantially higher than those taken in this same depth range in any of the other areas (Fig. 3B ). Excluding these shallower samples and thus just taking into account the depth interval below 1000 m (Fig. 3C ), decapod biomass was higher in the western Mediterranean (average biomass of 13653 g km -2 ) than in the other two areas at similar depths (3685 and 2195 g km -2 in the western Ionian Sea and eastern Ionian Sea respectively). Individual weight also decreased with depth ( Fig. 3D) , with a slight increase at around 2500 m. This increase was due to the relatively high presence of the brachyuran crab Chaceon mediterraneus in the western Mediterranean (see Table 2 ). Table 2 and Figure 4 show the abundance, biomass and relative species abundance at the depth strata chosen in this study. These quantitative values are the first report in the Mediterranean below 2200 m. The number of species caught decreased with depth (see western Ionian Sea data in Table 2 , where the bathymetric gradient is the largest available in this study). From the data reported here (Table 2 and Fig. 4 ) and from the data available in the literature (Table 3) , the same decapod species occurred throughout the western and central Mediterranean basin below 1000 m depth. The single exception was Stereomastis sculpta, caught only in the westernmost area (Balearic Sea). However, the absolute and relative abundance of each species differed among the sampling areas and depth intervals. Aristeus antennatus and Aristaeomorpha foliacea are the main examples of this differential abundance among the sampling areas. A. antennatus is the most abundant decapod crustacean in the westernmost site of this study, but the abundance of A. foliacea is low (Table 2) . Instead, in the easternmost site of this study (Eastern Ionian Sea), the most abundant decapod species is A. foliacea, but the abundance of A. antennatus was much lower. Other species, such as Nematocarcinus exilis, also displayed a differential distribution among the areas, being more abundant in the central and eastern areas than in the western area. Table 3 lists the upper and lower depth distribution ranges of the most abundant decapod species sampled in this study. The shallowest depth limits for the species were obtained from the literature (see details in the footnotes to Table 3 lems faced in seeking to compare the depth ranges of the species were differences in existing knowledge and the sampling effort expended in each of the sampling areas. Strict accuracy in the species' depth distribution ranges presented is highly difficult to achieve, because of gaps in the sampling coverage. Nevertheless, from the data reported in Table 3 , the depth distribution ranges of Mediterranean deep-sea decapods would appear to differ between the areas sampled in this study. Besides relative species abundance and distribution ranges in the different sampling areas, the final aspect considered in this study was whether or not the population structure of each individual species followed similar trends in all the sampling areas. Figures 5 and 6 shows the size frequencies and sex distribution by depth interval for the two most abundant deep-sea decapods in the Mediterranean Sea, namely Acanthephyra eximia (Fig. 5) , and Nematocarcinus exilis (Fig. 6) .
Juveniles of Acanthephyra eximia were mainly found in the deepest part of the range (below 2000 m) in each of the sampling areas of the western and central Mediterranean (Fig. 5) Table 1. See Table 2 for species codes. Note, on the bathymetric range 600-999 m species presenting a relative abundance lower than 1% were grouped as other.
Individuals of Nematocarcinus exilis were relatively scarce in all of the sampling areas. In any case, no previous information on this species has been reported for deep-sea Mediterranean waters at all. For this reason, it was difficult to establish any clear findings on the population structure of this species in any of the areas, except for a slight tendency for the smallest individuals to be aggregated in the deepest part of the range (Fig. 6 ).
DISCUSSION
The west-east productivity gradient reported in the Mediterranean Sea (Psarra et al., 2000; Tselepides et al., 2000 Tselepides et al., , 2004 is an environmental feature that needs to be taken into account when one is comparing both the species distribution and the population characteristics considered in this study. Thus, the relative abundance of decapods vs. fish found among the sampling areas might be correlated to this west-east gradient. Decapods are much more abundant than other invertebrate groups in the Mediterranean, in contrast to more productive oceans like the Atlantic, where echinoderms are the dominant invertebrate group (Lampitt et al., 1986; Tyler and Lampitt, 1988; Tyler and Zibrowius, 1992; Sardà et al., 1994) . Although no specific literature relating oligotrophy with decapod crustacean biomass is available, it has been suggested that decapods might be more competitive than other invertebrate or vertebrate megafauna in oligotrophic environments (Sardà et al., 1994; Maynou and Cartes, 2000) . Our results are consistent with this suggestion, in that the abundance of decapods was higher than that of fishes (see Fig. 2 for depths below 1500 m) in the less productive waters in the eastern Ionian Sea (Tselepides et al., 2004) . Like the above-mentioned west-east productivity gradient, increasing depth has also been positively correlated with a marked decrease in global productivity (Gage and Tyler, 1991 and citations therein) . Along these 80 J.B. COMPANY et al. , Politou et al. (2000) .
Note: Acanthephyra eximia was sampled in the Aegean Sea as shallow as 250 m depth by midwater trawls (Koukouras, 2000) and, in the south coast of Crete, as deep as 3500 m by benthic baited traps (Christiansen, 1989) . Chaceon mediterraneus was caught in the Eastern Mediterranean (off Crete) from 2230 m to 3028 m depth by benthic baited traps . These bathymetric records are not considered in this table not only because its geographical distribution differs from the study area of this study but also because the sampling methods differ from the ones used in this study, i.e. bottom otter trawls. lines, decapod crustacean abundance was twice that of fishes in the two abyssal samples available from this study (at 3300 and 4000 m). Megafaunal species diversity, abundance and biomass decrease with depth in the oceans worldwide (Haedrich et al., 1980; Lampitt et al., 1986) . The data available for the Mediterranean are consistent with this general decrease down to 2200 m in the western Mediterranean (Cartes and Sardà, 1992; Stefanescu et al., 1992) and down to 1000 m in the Cretan Sea (Kallianiotis et al., 2000) . Overall, there was a decrease in the number of species, and total decapod biomass and abundance decreased with depth in this study (down to 4000 m; see Table 2 and Fig. 3) . Although quantitative analyses were difficult to perform, mainly on account of the low number of samples, our data suggest a slight decrease in decapod biomass from the western to the eastern areas below 1000 m (Table 2) . Unexpectedly, the eastern site yielded higher abundance and biomass values for decapod crustaceans in the shallowest portion of the depth range considered, 600-999 m. This higher abundance was mainly due to the species Aristaeomorpha foliacea. The commercial trawl fishery in the Greek Ionian Sea is carried out only down to 400 m. Thus, bottoms below that depth are in a pristine condition in terms of fishing activity (Mytilineou et al., 2001; Papaconstantinou and Kapiris, 2001 ). This pristine state affects the individual size structure and abundance of A. foliacea as compared to the sampling area in the Italian portion of the Ionian Sea (Mytilineou et al., 2001) . This same trend has been referred to elsewhere in this issue for certain bathyal fish species, e.g. Helicolenus dactylopterus, collected during the same cruise in the depth range between 600 and 800 m, with abundance levels being twice as high in the eastern area of the Ionian Sea as in the other two sampled areas (Balearic Sea and western Ionian Sea), probably also due to the absence of fishing activity below 400 m . Those workers also report a general decrease in global fish biomass with depth and a decrease in biomass from west to east, with some highly abundant species commonly reported in the western Mediterranean such as Nezumia aequalis, Centroscymnus coelolepis and Alepocephalus rostratus not being reported in the central and eastern Mediterranean or species such as Trachyrhynchus scabrus, Lepidion lepidion, Mora moro, and Cataetyx laticeps being reported only at lower biomass levels (Stefanescu et al., 1992; Galil and Goren, 1994; Kallianotis et al., 2000; Politou et al., 2002; D'Onghia et al., 2004) . The high biomass levels reported for these deep-sea fishes in the western Mediterranean do not seem to be filled by other species in the central and eastern Mediterranean.
In contrast to the situation for fishes just referred to above, the same species of deep-sea decapod crustaceans occurred across the Mediterranean sampling locations considered here. Although some species were not collected at certain locations in our study, e.g. Paromola cuvieri, Pontophilus norvegicus, and Pasiphaea multidentata, which were not caught in the easternmost area, the data published here and other available studies on species occurrence indicate that nearly the same species of deepsea decapod crustaceans are found all across the Mediterranean basin Cartes and Sardà, 1993; Pipitone and Tumbiolo, 1993; Galil and Goren, 1994; Ungaro et al., 1999; Kallianiotis et al., 2000; Maynou and Cartes, 2000; Politou et al., 2003; Politou et al., in press) . Thus, only one species, Stereomastis sculpta, was not found in any of the sampling areas in the central Mediterranean (western and eastern Ionian Sea), and was caught only in the western Mediterranean at depths below 1500 m. Despite the uniform species occurrence, the relative abundance and biomass of the species by area and depth interval was not homogeneous. The most significant examples were Aristeus antennatus and Aristaeomorpha foliacea. The latter species was more abundant in the eastern Ionian Sea down to 999 m, A. antennatus being the most abundant species in the western Mediterranean and in the western Ionian Sea. In the deeper depth intervals, below 1500 m, differences in relative abundance were observed in Nematocarcinus exilis and Acanthephyra eximia. The latter was more abundant in the western area, N. exilis being caught in higher proportions in the eastern area. Abundance values in the central area were similar for the two species.
All of the above-mentioned differences relating to species biomass and abundance levels should somehow correlate with a general decrease in productivity from west to east and with depth. Thus, local environmental features in a global framework have been considered to be the main factor contributing to both species biomass and relative species abundance. Fishing activity has also been considered as a factor that could affect such individual characteristics as mean size, maximum size, and species size structure (Mytilineou et al., 2001) . Furthermore, differences in the depth distributions of the species sampled in this study (Table 3) might also be related to local environmental features. Different depth ranges for species have been attributed to different levels of primary production observed along the west to east axis across the Mediterranean (Maynou and Cartes, 2000) . Thus, shallower depths of first occurrence of deep-sea decapod crustaceans have been cited in the eastern Mediterranean, associated with stronger oligotrophic conditions. However, from this study, there did not seem to be any clear trend towards shallower distribution ranges of deep-sea decapods from west to east (Table 3 ). The only species with a shallower depth of first occurrence were Plesionika acanthonotus [421 m depth in the western Mediterranean (Abelló et al., 2002c) and 317 m depth in the eastern Ionian Sea (Politou et al., in press) ] and Chaceon mediterraneus [2261 m depth in the western Mediterranean (Cartes and Sardà, 1992) and 1700 m in the eastern Mediterranean]. Other species like Acanthephyra eximia, Acanthephyra pelagica, Nematocarcinus exilis, Polycheles typhlops, Geryon longipes, or even Aristaeomorpha foliacea and Aristeus antennatus, were first caught at deeper depths in the western Ionian Sea and/or eastern Ionian Sea than in the western Mediterranean. However, it is worth noting here that over the past decade greater sampling efforts have been deployed at bathyal depths in the western Mediterranean than in other areas of the Mediterranean, and all these species' depth distribution ranges could be modified substantially if more deep-sea sampling of the Mediterranean basin is performed. Thus, in our view, the observations made by Maynou and Cartes (2000) should be taken into account but should be further investigated.
Since the results of this study have shown some differential trends between the areas with regard to relative biomass and abundance and to the species' depth ranges, the final aspect remaining to be discussed is to compare how individual species structure their populations in the different areas and over the depth ranges inhabited. Local environmental features present in each of the sampling areas, including fishing pressure, could affect the characteristics of the decapod populations. From the size frequencies and sex distributions by depth interval described in this study, the intraspecific populations would seem to follow similar trends in all the areas, which seems to be unaffected by the local environmental characteristics. Thus, if local environmental features play a major role in determining the relative abundance at each depth interval and the depth distribution ranges, why do they not also affect intraspecific population structure? In our view, intraspecific population structures may be phylogenetically constrained in each individual species. Apart from the species showed in this work, Acanthephyra eximia and Nematocarcinus exilis (see Figs. 5, 6) , two other species, Aristeus antennatus and Aristaeomorpha foliacea, should be taken into account due to their high abundance in the bathyal region in the three sampling areas (western Mediterranean and western and eastern Ionian Sea). Distribution and population structure data on these two species are reported in this volume (Sardà et al., 2004 and references herein; . Juvenile A. antennatus are mainly distributed in the deepest part of this species' distribution range in the three areas studied, the largest females being distributed mainly in the shallowest part of the distribution range. Below 800 m in depth, the sex ratio of this species attains 50%. A. foliacea is very rarely caught in the western area, so comparison was only possible between the central and the eastern areas. A. foliacea presents a different distribution pattern to A. antennatus in terms of population structure with depth, juveniles being more abundant in the uppermost part of its distribution range in both these areas (central and eastern). This species attained a deeper depth distribution in the eastern area (see Table 2 ). Other abundant decapod crustaceans dwelling on the continental slope that seem to show a similar population structure throughout the Mediterranean basin are Plesionika martia, Geryon longipes, Polycheles typhlops and Parapenaeus longirostris. Biological data for Plesionika martia are widely available in the literature, especially with respect to the western Mediterranean and western Ionian Sea (Company and Sardà, 1998, 2000; Puig et al., 2001; Maiorano et al., 2002; Carbonell et al., 2003) . This species does not exhibit any significant differences in size and sex distributions by depth between the three areas (Puig et al., 2001; Maiorano et al., 2002; Politou et al., 2000) . Small individuals are always much more abundant in the shallowest portion of the depth distribution, and females and males are equally abundant down to 600 m depth, females then becoming more abundant below this depth down to the lower limit of its range. Another highly abundant deep-sea species is the crab Geryon longipes. Size frequency and sex distribution data for this crab are mainly available for the western Mediterranean (Company, 1995) , for the western Ionian Sea (Maiorano, unpublished data) and for the Cretan Sea ; at all these sites a slight decrease in mean individual size versus depth is present. Small individuals of Polycheles typhlops in the western Mediterranean were mainly distributed in the deepest portion of this species' distribution range in association with adults (Abelló and Cartes, 1992; Company, 1995) . The largest individuals are mainly distributed in the shallowest portion of the depth range. A similar trend seems to be present for the individuals distributed in the western Ionian Sea (Maiorano et al., 1998) . In addition, Abelló et al. (2002a) reported, in a series of trawl surveys performed over a period of six years along the upper and middle slope of the Mediterranean basin, that the size class distributions of the commercial species Parapenaeus longirostris were more related to sampling depth than to geographical area. Presumably, the limited amount of data currently available on intraspecific population structures (size frequencies and sex ratios by depth) does not fully allow us to demonstrate whether species structure their population similarly in different regions with different environmental characteristics, and if so, which constraints may play a role. Thus, further research is called for.
